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ABSTRACT 


Light-scattering  techniques  are  used  in 
several  oil-in-water  monitors,  proposed  or  in 
existence.  Particulate  matter  which  may  cause 
interferences  in  these  monitors  is  frequently 
found  in  oily  wastes.  An  analysis  is  made  of 
the  potential  of  using  measurements  of  the 
angular-intensity  distribution  of  scattered 
light  for  discriminating  between  oil  and 
particulates.  For  the  purposes  of  this  dis- 
cussion, the  particulate/oil  combination  in 
the  monitor  is  approximated  by  two  collections 
of  spheres. 

It  is  found  that  to  discriminate  between 
oil  and  particulates  by  using  only  measurements 
of  the  angular-intensity  distribution  of  scat- 
tered light  in  a real-life  situation  would  be 
difficult. 


INTRODUCTION 

A major  difficulty  in  the  utilization  of  light-scattering 
techniques  for  the  accurate  determination  of  the  concentration 
of  oil  in  water  is  interference  due  to  the  presence  of  particu- 
late matter.  The  question  which  this  report  addresses  is  whether 
or  not  measurements  cf  the  angular-intensity  distribution  of  scat- 
tered light  can  be  used  to  discriminate  between  particulates  and 
oil  in  water  and  thus  eliminate  such  interference. 

SCATTERING  BY  ASSEMBLIES  OF  SPHERES  AND  IRREGULAR  PARTICLES 

For  the  purposes  of  this  discussion,  the  particulate  matter 
present  is  taken  to  consist  primarily  of  irregularly  shaped, 
opaque  particles.  The  oil  present  is  taken  to  consist  predomin- 
antly of  free-floating  transparent  spheres.  It  is  assumed  that 
the  particles  and  spheres  are  illuminated  by  a beam  composed  of 
parallel  rays  of  light.  It  is  also  assumed  that  the  particles 
and  spheres  are  larger  than  a few  wavelengths  of  the  monochromatic 
light  used.  When  these  size  conditions  hold  for  a system  of 
particles  having  a range  of  sizes,  the  combined  light  scattering 
can  be  treated,  approximately,  as  a combination  of  classical  dif- 
fraction and  gometrical  transmission  and  reflection.  This  allows 
a considerable  computational  simplification  as  compared  to  the 
use  of  the  rigorous  electromagnetic  treatment  of  the  Mie 
theory.  1/2 

First,  consider  scattering  by  an  assembly  of  irregular, 
transparent  particles.  The  three  contributions  to  the  scattering, 


■^Superscripts  r^fer  to  similarly  numbered  entries  in  the  Tech- 
nical References  at  the  end  of  the  test. 
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diffraction,  reflection,  and  refraction,  are  treated  separately. 
The  discussion  of  the  three  contributions  follows  essentially 
the  treatment  by  Hodkinson^. 

DIFFRACTION 

Diffraction  occurs  when  a system  of  waves,  electromagnetic 
in  this  case,  travels  past  the  edge  of  an  obstacle.  Diffraction 
is  primarily  related  to  the  bending  of  the  waves  around  the  edge 
of  the  obstacle  into  the  region  of  shadow.  In  the  reqion  beyond 
the  obstacle,  this  gives  rise  to  a system  of  maxima  and  minima 
of  illumination  produced  by  interference  among  the  waves  and 
known  as  diffraction  fringes. 4 

In  the  case  of  a spherical  obstacle,  the  symmetry  of  the 
object  leads  to  the  main  diffraction  maximum  appearing  about  a 
line  through  the  center  of  the  sphere  in  the  direction  of  the 
incident  wave  propagation.  If  the  three-dimensional  light  dis- 
tribution is  examined,  the  main  diffraction  maximum  is  seen  to 
have  the  form  of  a lobe  with  its  narrowest  width  in  the  vicinity 
of  the  spherical  surface.  Thus,  for  a sphere,  the  forward  diffrac- 
tion lobe  refers  to  the  main  diffraction  maximum  of  light  inten- 
sity which  apppears  in  the  forward  direction. 


Consider  now,  the  case  of  a 
tides  or  spheres.  If  there  is  a 
size,  2:1  or  more,  only  the  main 
higher  order  maxima,  which  would 
direction,  being  smoothed  out  by 
terns  of  particles  or  spheres  of 


collection  of  various-sized  par- 
sufficient  range  of  particle 
diffraction  maximum  is  seen;  the 
appear  at  angles  to  the  forward 
the  superposition  of  the  pat- 
different  sizes. 


The  diffraction  patterns  of  individual,  irregular  objects 
vary  considerably  with  the  shape  of  the  objects.  However,  the 
resultant  forward  diffraction  lobe  for  an  assembly  of  irregular 
particles  in  random  orientation  is  not  expected  to  differ  much 
from  that  for  an  assembly  of  spheres  equal  in  projected  area  to 
the  irregular  particles. 3 

REFLECTION 

Both  the  surface  of  a sphere  and  a random  assembly  of  ir- 
regular particle  surfaces  offer  equal  probabilities  of  reflection 
for  all  angles  of  incidence.  Thus,  the  angular  distribution  of  the 
light  scattered  by  external  reflection  is  the  same  for  an  assembly 
of  irregular  particles  as  for  spheres. 3 

REFRACTION 

The  phenomenon  of  refraction  refers  to  the  passage  of  a por- 
tion of  the  wave  incident  on  the  boundary  between  two  media  from 
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the  first  medium  into  the  second  medium,  in  general  with  a change 
in  direction  of  propagation  of  the  wave  in  the  second  medium. ^ 

For  the  same  reason  as  presented  in  the  section  entitled 
"Reflection,"  the  average  angular  distribution  of  refracted  light 
after  the  first  refraction,  as  it  enters  the  irregular  particles, 
will  be  the  same  as  for  spheres.  However,  in  contrast  to  the 
situation  for  a sphere,  wherein  a ray  of  light  leaving  a sphere 
at  its  second  refraction  deviated  further  away  from  its  original 
path  by  the  same  amount  and  in  the  same  direction  as  at  the  first 
refraction,  a light  ray  upon  leaving  an  irregular  particle  will 
not  necessarily  be  deviated  by  the  same  amount  and/or  in  the 
same  direction  as  at  the  first  refraction.  Consequently,  the  more 
irregular  the  particle,  the  more  the  refraction  scattering  is 
concentrated  forward.  For  an  assembly  of  transparent,  irregular 
particles,  then,  the  refraction  scattering  is  concentrated  more 
forward  than  for  an  assembly  of  transparent  spheres. 4 

Consider  now,  the  case  of  assemblies  of  opaque,  irregular 
particles.  Here,  the  scattering  differs  even  less  from  that  of 
assemblies  of  opaque  spheres,  because  there  is  scattering  by  dif- 
fraction and  external  reflection  only. 

As  a result  of  the  above  analysis,  the  particulate  matter  is 
seen  as  now  further  approximated  to  consist  of  a size  distribution 
of  opaque  spheres,  so  that  the  aggregate  of  oil,  particulates,  and 
water  is  now  considered  to  be  composed  of  two  assemblies  of 
spheres,  one  transparent  and  the  other  opaque,  in  water.  Let  the 
further  hypothesis  be  made  that  both  assemblies  of  spheres  are 
nonabsorbers  of  light.  Also,  let  it  be  taken  that  the  two  size 
distributions  for  the  transparent  and  opaque  spheres  are  identical. 

This  discussion  leads  us  to  conclude  that  the  contributions 
to  the  scattering  angular-intensity  pattern  occurring  by  dif- 
zration  from  the  two  assemblies  of  spheres  are  the  same,  since 
the  diffraction  is  independent  of  the  nature  of  the  particle.  At 
this  point,  the  diffraction  contribution  to  the  scattering 
angular-intensity  distribution  is  ignored,  because  it  cannot  be 
used  to  discriminate  between  the  particulates  and  oil. 

RELATIONSHIP  BETWEEN  GEOMETRICAL  AND  DIFFRACTION  SCATTERING* 

As  the  ratio  between  the  diameter  of  a sphere  and  the  wave- 
length of  the  light  incident  upon  it  increases,  it  becomes  increas- 
ingly valid  to  consider  scattering  to  be  composed  of  two  compon- 
ents, geometrical  (reflection  and  refraction)  and  diffraction 
scattering.  However,  there  is  no  distinct  size  at  which  this  divi- 
sion into  two  types  of  scattering  becomes  exactly  possible.  In 
principle,  the  division  is  always  vague.  The  Mie  theory  yields 
the  unified  pattern  of  both  effects.  ^ 

A necessary  condition  for  the  separation  into  geometrical 
and  diffraction  scattering,  besides  the  ratio  of  the  sphere 
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circumference  to  the  wavelength  being  much  greater  than  one 
(x  = 2iTa/X  >>  1,  where  a is  the  sphere  radius  and  A is  the  wave- 
length of  the  light),  is  that  the  phase  shift  <J>  = (mpart  - n'water ) x 
» 1,  where  mpart  is  the  index  of  refraction  of  the  sphere  and 
mwater  is  the  index  of  refraction  of  the  medium,  i.e.,  water,  in 
which  it  is  immersed. 

Only  half  of  the  total  scattering  from  the  sphere  is  due 
to  reflection  and  refraction.  The  other  half  originates  from  the 
diffraction  around  the  sphere  and  composes  the  Fraunhofer 
diffraction  pattern. 


The  geometrical  optics  pattern  which  arises  from  the  reflec- 
tion and  refraction  of  the  rays  that  impinge  upon  the  spht  re  is 
wide  and  of  moderate  intensity.  The  diffraction  pattern  which 
arises  from  the  incompleteness  of  the  wave  front  passing  the 
sphere  is  narrow,  very  intense,  and  concentrated  near  the  forward 
direction. 


SCATTERING  BY  OIL  AND  PARTICULATES 

For  the  hydrocarbons  encountered  in  oil,  the  ratio  of  the 
indices  of  refraction  of  the  hydrocarbons  to  that  of  water,  i.e., 
the  relative  indices  of  refraction,  lies  in  the  range  of  about 
1.00  to  1.15.5  This  means  that  almost  all  of  the  light  incident 
on  a typical  oil  sphere  which  is  scattered  by  reflection  or 
refraction  is  scattered  by  being  twice  refracted  through  the 
sphere.  At  least  88%  of  the  light  incident  on  the  sphere  which  is 
scattered  by  reflection  or  refraction  would  be  scattered  by  being 
twice  refracted.! 


Expressed  in  mathematical  terms, 


1(0)  = Io(0)  + I1 


I2(0) 


where  1(9)  is  the  total  scattering  intensity  at  angle  0,  IQ  is 
the  diffraction  component,  Ii  is  the  reflection  component,  and 
I2  is  the  refraction  component. 2 Also, 


2 U1  (x  sin  0) 

C • 2 A 
sm  0 


Zl,l  + Jl,2  , 
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where  0 is  the  scattering  angle  from  the  direction  of  propagation 
of  the  incident  wave,  m is  the  relative  index  of  refraction,  Jp 
is  the  first  order  Bessel  function,  Ip  p is  the  component  of  the 
reflected  wave  polarized  in  the  plane  containing  the  incident  and 
scattered  rays,  and  Ii,2  is  the  compon* nt  of  the  reflected  wave 
polarized  normal  to  the  plane  containing  the  incident  and 
scattered  rays.  The  factor  x = 2IIa/A,  where  a is  the  sphere 
radius  and  A is  the  wavelength  of  the  light. 

For  the  case  of  oil  hydrocarbons,  the  index  of  refraction, 
m,  is  written  as  1 + A,  where  A is  very  stnall  compared  to  one. 
This  gives  the  approximations 
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For  small  angle  scattering  in  the  forward  direction,  i.e.,  in 
the  vicinity  of  0°  the  following  approximations  are  obtained 
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Equation  (11)  differs  from  the  result  of  Mie  theory  analysis, 

= (4A2x2)/(4A2  + 02)2  because  equation  (11)  is  obtained  as  an 
approximation  to  the  geometrical  optics  theory. 

It  is  interes^ingo  to  note  that  as  the  scattering  angle  o 
approaches  zero,  3^/ I^L  approaches  1/A  . Furthermore,  I0!,!/!0©  approaches 
(1/2)  fx~2).  For  the  oil  hydrocarbons,  A_2  is  of  the  order  of  102. 

Also,  again  as  the  scattering  angle  approaches  zero,  I^/l^ 
approaches  (Ax)“2f  so  that  if  x is  large  enough  the  diffraction 
component  of  the  scattered  light  in  the  forward  direction  can 
become  greater  than  the  refraction  contribution. 

O 

Consider  now  the  scattering  as  the  angle  0 approaches  90  . 

There  is  no  contribution  to  the  refraction  component  of  the 
scattering  because  of  the  [m  cos  (0/2 ) -1 ] 3 term  which  becomes 
negative  when  cos  (0/2)  <l/m.  Hence,  for  the  case  of  the  oil 
hydrocarbons,  there  is  no  refractive  scattering  for  angles 
greater  than  about  35°  from  the  forward  direction. 

For  scattering  angles  in  the  vicinity  of  90°, 


.90°  2 2.  , 
Lq  = X Jx  (x)  , 


(12) 
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In  the  vicinity  of  90°,  I^^/Iq^  approaches  A^/(32  J2  (x)  ) . For 
x considerably  larger  than' one,  J^(x)  can  be  approximated  by  its 
asymptotic  expansion.**  In  this  event,  for  the  purposes  of  this 


study,  ° is  very  grossly  approximated  by  (IIA2x3)/ 

(36  sinMx-3II/4) ) . It  appears  that  in  the  case  of  right-angle 


scattering,  the  reflection  component  can  become  much  greater  than 
the  diffraction  component,  depending  on  the  size  of  the  spheres. 


Now,  compare  Iq  to  Iq®  . The  ratio  I§  /I^O  is  given  by 
x2/ (288  sin2  (x-311/4))-  For  oil  droplets  of  the  size  under  con- 
sideration wherein  x is  considerably  larger  than  1.0,  the  dif- 
fraction component  of  scattering  in  the  forward  direction  is 
much  greater  than  the  diffraction  component  of  scattering  at  right 
angles  to  the  forward  direction. 


o°  90°  o°  90° 

Again,  compare  1^  i to  1^  The  ratio  1^  i/lf  i is  given 

by  2/A2.  It  is  seen  that  the  reflection  component  of  the 

scattering  in  the  forward  direction  is  much  greater  (about  102) 

than  the  reflection  component  of  the  scattering  at  right  angles. 


One  conclusion  to  be  drawn  from  the  discussion  to  this 
point  is  that  a light-scattering  oil-in-water  monitor  based  on 
right-angle  scattering  must  be  more  sensitive  than  one  based  on 
forward  scattering.  This  conclusion  arises  from  the  finding  that 
if  the  scattering  pattern  of  oil  in  water  in  the  absence  of 
particulates  is  examined,  most  of  the  incident  light  is  found  to 
be  scattered  in  the  forward  direction  with  very  little  at  right 
angles  to  the  incident  light. 


Consider  now  the  scattering  pattern  of  opaque  particulates 
spheres.  Assume  that,  as  is  possible  in  reality,  the  index  of 
refraction  is  much  larger  than  1.0.  Then,  as  is  seen  from 
equations  (4)  and  (5) , the  intensity  of  the  light  reflected  is 
essentially  independent  of  direction,  i.e.,  a smooth,  totally 
reflecting  sphere  with  radius  large  compared  to  the  wavelength 
scatters  light  by  reflection  isotropically.  Consequently,  the 
scattering  is  less  forward-directed  than  in  the  case  of  an  cil 
sphere. 


Suppose  now,  than  an  opaque  particulate  sphere  is  composed 
of  metal;  that  is,  it  has  a complex  index  of  refraction 
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m = m0  (1+jk) , where  mQ  and  k are  real,  j = V~^'l , and  k is  called 
the  attenuation  or  extinction  coefficient.  The  absorption  repre- 
sented by  k is  sufficiently  large  to  absorb  any  refracted  ray 
completely.  In  this  event,  the  intensity  of  the  reflection 
component  of  scattering  again  becomes  a function  of  the  scatter- 
ing angle  0.  The  strength  of  the  dependence  on  0 is  a function 
of  the  magnitudes  of  mQ  and  k to  each  other.  As  compared  to  the 
isotropic  situation  for  the  opaque  nometallic  sphere,  the  pattern 
of  reflected  light  is  somewhat  stronger  in  the  forward  direction. 
However,  the  forward  directionality  is  not  as  pronounced  as  in 
the  case  of  the  transparent  oil  sphere. 

The  intensity  of  light  scattering  in  a particular  direction, 
1(0),  from  an  oil  and  particulate  mixture  in  water  is  summed  up 
by  the  following  equation: 


1(0)  = Z 


r i |i  oil  iToil  \ , yNi  iTpart 

^Noil  \ Iref  1 + 1refr)  + \%art  Xref  1 

? i^oil  + Npartj  Tdiff  , 


(14) 


where 

number 


Noil  an<^  Npart  are  t'ie  numt)er  of  oil  droplets  and  the 

of  particulate  particles . of , a particular  size  i, 

respectively.  Also,  1I°e£l  and  are  the  reflection  and 

refraction  components  of  the  scattered  light  intensity  due  to  an 
oil  droplet  of  a given  size  i;  is  the  average  reflection 

component  of  the  scattered  light  intensity  due  to  a typical 
particulate  particle  of  a size  i;  and  is  the  average 

diffraction  component  of  the  scattered  light  intensity  due  to  an 
oil  droplet  or  typical  particulate  particle  of  size  i. 


Consider  what  happens  when  the  particulate  concentration 
increases  while  the  oil  concentration  remains  constant  as  opposed 
to  the  case  when  the  oil  concentration  increases  while  the  par- 
ticulate concentration  remains  constant.  It  should  be  possible  to 
discriminate  between  oil  and  particulates  in  both  cases,  because 
the  scattering  for  the  oil  is  more  forward-directed  than  for  the 
particles.  In  the  first  case,  the  right-angle  scattering  should 
increase  more  rapidly  than  the  forward  scattering  while  in  the 
second  case  the  opposite  is  true. 

In  a real-life  situation,  the  concentrations  of  oil  and  par- 
ticulate can  and  do  vary  independently  and  randomly.  This  situa- 
tion renders  interpretation  of  data  difficult. 
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CONCLUSION 


As  a result  of  the  considerations  presented  herein,  it  is 
reasonable  to  conclude  that  there  is  only  a small  chance  of 
developing  an  oil-in-water  monitor,  based  on  light-scattering 
angular-intensity  distribution  measurements,  alone,  that  would 
discriminate  between  oil  and  particulates. 
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